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The Role of Tricorn Protease and Its
Aminopeptidase-Interacting Factors
in Cellular Protein Degradation
complexes that invariably contain ATPase subunits ren-
dering protein degradation energy dependent. The oc-
currence of self-compartmentalizing proteases in all
three domains of life bears testimony of an old evolution-
ary principle. In prokaryotic cells lacking membrane-
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bounded compartments, ATP-dependent self-compart-
mentalizing proteases such as the proteasome, HslV,
ClpP, or Lon are responsible for the bulk of the protein
turnover.Summary
Beyond facilitating the control of proteolysis, the con-
finement of the proteolytic activity to a nanocompart-Tricorn protease was previously described as the core
ment inside these assemblies also provides the struc-enzyme of a modular proteolytic system displaying
tural basis for the processive mode of action that ismulticatalytic activity. Here we elucidate the mode of
characteristic for these proteases: they do not releasecooperation between Tricorn and its interacting fac-
fragments after a single cleavage, but proceed to maketors, and we identify two additional factors, F2 and F3,
multiple cleavages before finally discharging the degra-closely related aminopeptidases of 89 kDa. In conjunc-
dation products (Thompson et al., 1994; Akopian et al.,tion with these three factors, Tricorn degrades oligo-
1997). For the proteasome and for ClpP it has beenpeptides in a sequential manner, yielding free amino
shown that these products fall into a relatively narrowacids. We have been able to reconstitute a proteolytic
size range, 6 to 12 amino acid residues long. For mostpathway comprising the proteasome, Tricorn, and its
cells, peptides of this size are of little, if any, use andinteracting factors, F1, F2, and F3, which converts pro-
therefore should be degraded further. There is one nota-teins efficiently into amino acids. Therefore, it is quite
ble exception: the immune system (MHC class I) haslikely that Tricorn also acts in vivo downstream of the
taken advantage of the existence of octa- and nonapep-proteasome and, in cooperation with its interacting
tides that abound amongst products (Heemels and
factors, completes protein catabolic pathways.
Ploegh, 1995).
Recently, we found a novel self-compartmentalizing
protease complex, unrelated to the proteasome, in theIntroduction
archaeon Thermoplasma acidophilum. We have given
it the name Tricorn protease (TRI) in view of its peculiarWhile cellular structures are continually rebuilt, balance
structure (Tamura et al., 1996a). In conjunction with pro-must be maintained between anabolic and catabolic
tein-interacting factors, TRI displays a broad array ofpathways. Ultimately, protein degradation should yield
peptidase activities. The basic, enzymatically fully activea pool of free amino acids for further use as a metabolic
complex is a hexamer of 730 kDa with a very largesource. To avoid havoc, the degradation of proteins in
internal cavity that we believe to harbor the active sites;vivo is subject to elaborate control mechanisms. A key
this cavity can be accessed through the approximatelyelement in controlling proteolysis is, in one guise or
2.5 nm wide openings located on the 3-fold axis. In vivo,another, compartmentalization. Protein degradation can
TRI appears to exist as an icosahedral capsid of 20be confined to specialized membrane-bounded compart-
copies of the basic hexamer and a molecular mass of
ments such as the lysosome. Here control is exercised
14.6 MDa (Walz et al., 1997). We have suggested pre-
by vesicle sorting; once internalized, their proteinaceous viously that this capsid, which has rather large void
cargo is degraded by a nonselective bulk process initi- volumes in its ªshell,º may serve as an organizing center
ated by endopeptidases and finalized by aminopepti- for the positioning of the interacting factors.
dases (Bohley and Seglen, 1992; Mason, 1996). One of the interacting factors, F1, we have identified
Another form of sequestering the proteolytic action previously as a proline iminopeptidase, albeit with a
from the crowded environment of the cell is self-com- broader substrate specificity (Tamura et al., 1996b). In
partmentalization (Larsen and Finley, 1997; Lupas et this communication we characterize a second inter-
al., 1997; Baumeister et al., 1998). Several multisubunit acting factor, F2, an 89 kDa aminopeptidase. Surpris-
proteases have converged toward a common barrel- ingly, we found a third interacting factor, F3, which is a
shaped architecture that accommodates active sites in close homolog of F2. We have elucidated the mode of
inner chambers, which are a few nanometers in size. cooperation between TRI and these interacting factors
Access to these proteolytic nanocompartments is re- and were able to show that they degrade oligopeptides
stricted to unfolded proteins; hence, these proteases in a sequential manner. Furthermore, we present evi-
must be linked to a machinery capable of recognizing, dence that TRI and its interacting factors act down-
binding, and unfolding target proteins that present ap- stream of the proteasome, allowing the cell to convert
propriate cues. These tasks are performed by accessory efficiently the pool of oligopeptides generated by the
proteasome into free amino acids, thus closing the ana-
bolic±catabolic cycle. We have been able to reconstitute
the entire proteolytic pathway in vitro with recombinant* To whom correspondence may be addressed (e-mail: tamura@
biochem.mpg.de). enzymes.
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an aminopeptidase from the archaeon Sulfolobus solfa-
taricus (41.2% identity) (Figure 2). However, Aap1p and
Ape2p from S. cerevisiae also showed significant simi-
larity to F2 (Aap1p versus F2, 30.7% identity; Ape2p
versus F2, 30.6% identity, respectively). The first half
of the protein (residues 99±445 of F2 protein), which
contains the zinc-binding motif HExxH(x)18E (x is any
residue) at position 271±294, is highly conserved.
Unexpectedly, in the course of the ongoing T. acido-
philum genome sequencing project in our laboratory
(A. Ruepp et al., unpublished data), a gene fragment
encoding 338 amino acids with high similarity to the
N-terminal sequence of F2 protein was found. We cloned
the gene fragment encoding the missing C-terminal re-
gion of this protein by the same experimental procedure
used for cloning of the F2-encoding gene. Upon se-
quencing, the cloned DNA revealed a 2,343 bp ORF that
encoded 780 amino acids, with a calculated molecular
weight of 89,379 kDa and an estimated pI of 5.63 (FigureFigure 1. SDS-PAGE of Purified Tricorn Interacting Factors
2). Alignment of F2 and the newly found protein revealed(A) F2 protein isolated from Thermoplasma acidophilum.
(B) Recombinant F2 (left lane) and F3 (right lane) proteins. an overall identity of 56.3%. Similarity was particularly
1 mg of each protein was resolved by 12.5% of SDS-PAGE, and high (85.5% identity) in the middle region (residues 115
proteins were stained with Coomassie brilliant blue. to 424 of F2 protein) including the zinc-binding motif. In
the following, we refer to this new protein as F3.
Results
Expression and Characterization of the
Recombinant F2 and F3 ProteinsIsolation and Cloning of Tricorn Protease Interacting
Factor 2 from Thermoplasma acidophilum For further characterization of F2 and F3 proteins, an
expression vector was constructed that carried a (His)6-Along with the original discovery of TRI, we found two
interacting factors, termed F1 and F2, that were appar- tag fused to the F2 or F3 protein at the C terminus, and
expressed recombinant proteins were purified by Ni-ently able to modulate the activity of TRI (Tamura et al.,
1996a). While F1 was identified and characterized as a NTA affinity chromatography and hydroxyapatite chro-
matography (Figure 1B). As expected, both recombinantproline iminopeptidase (Tamura et al., 1996b), the iden-
tity of F2 was not established at the time. In the following, proteins showed aminopeptidase activity (Table 1). F2
protein showed a broad specificity against neutral, hy-we report the isolation of F2 from Thermoplasma cells
and the cloning of its gene. drophobic, and basic amino acid substrates with an about
equal level of specific activity against H-Ala-AMC, H-Phe-Throughout the purification procedure, the activity of
F2 was monitored as an enhancement of Boc-LRR- AMC, H-Leu-AMC, H-Tyr-AMC, and H-Arg-AMC. F3 dis-
played a narrower specificity; it had a particularly strongAMC-cleaving activity upon mixing fractions with re-
combinant TRI. In seven chromatographic steps, 4.25 H-Glu-AMC-hydrolyzing activity that was not observed
with F1 and F2. Furthermore, both F2 and F3 releasedmg of F2 protein of more than 95% purity was obtained
from 4.2 g of T. acidophilum cell crude extract. When AMC from several di- and tripeptides we tested, but those
activities were much lower than those found with aminoresolved by SDS-PAGE, the isolated protein showed a
single major band at 89 kDa and a few faint bands at acid substrates, indicating that both enzymes have a
strong preference for very short peptides. Inhibitor ex-lower molecular weight (Figure 1A). Superose12 FPLC
chromatography indicated that F2 protein exists as a periments with a variety of compounds showed that the
peptidase activities of both F2 and F3 were inhibitedmonomer (data not shown). The purified F2 protein was
subjected to amino acid microsequencing, and six par- efficiently by heavy metal chelators such as o-phenan-
throline and EDTA and also by the aminopeptidase in-tial sequences, including the N-terminal sequence, were
obtained. In order to clone the gene encoding the F2 hibitor bestatin (data not shown).
To investigate whether F2 or F3 protein enhancedprotein, we constructed oligonucleotides and carried
out linear and inverse PCR using T. acidophilum chro- peptidase activities upon mixing them with TRI, we mea-
sured peptidase activities against several synthetic flu-mosomal DNA as a template. Sequencing of the ampli-
fied DNA revealed a 2,352 bp open reading frame (ORF) orogenic peptides (Table 2). F2 in conjunction with TRI
indeed showed dramatically enhanced peptidase activi-encoding 783 amino acids that contained all the peptide
sequences obtained by microsequencing and had a cal- ties against several synthetic peptides (Boc-LRR-AMC,
Suc-LLVY-AMC, Z-ARR-AMC, and Z-RR-AMC), evenculated molecular weight of 88,854 kDa and an esti-
mated pI of 5.53 (Figure 2). though each protein alone was hardly able to attack
these substrates (Table 2). However, F3 in conjunctionA BLAST homology search displayed that the derived
primary structure of F2 showed significant overall simi- with TRI showed much less enhancement of peptidase
activities. These data suggested to us that the peptidaselarity to several zinc-dependent aminopeptidases from
all three domains of life. The highest similarity was to activities generated by mixing F2 and F3 with TRI are
Proteolytic Pathway in T. acidophilum
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Figure 2. Sequence Alignment of F2 and F3 Proteins with Archaeal and Eukaryotic Homologs
The five aminopeptidases are from Ta, Thermoplasma acidophilum; Ss, Sulfolobus solfataricus (GenBank #Y08256); and Sc, Saccharomyces
cerevisiae (Aap1p, GenBank #U00062; Ape2p, GenBank #Z28157). Peptide sequences that were obtained by Edman degradation are overlined,
and sequences for which synthetic oligonucleotides were constructed are indicated by double overlining. Residues conserved in a majority
of sequences are shown in reversed type. The consensus zinc-binding motif (HxxEH(x)18E) is marked by *. Numbers to the right refer to the
amino acid position of the respective protein sequence. Alignment was performed using the PILEUP program (Genetics Computer Group).
dependent on the substrate specificities of F2 and F3 o-phenanthroline at 1 mM inhibited approximately 90%
of the F2 H-AAF-AMC-hydrolyzing activity, while TRIand that AMC is released from the substrates not by
TRI but its interacting factors. retained 90% of its activity (Figure 3A, bottom panel).
Interestingly, the TRI-dependent peptidase activity against
Boc-LRR-AMC (see Table 2) was inactivated by bothTricorn Protease and Its Interacting Factor F2
inhibitors with inhibition curves similar to those shownDegrade Peptide Substrates Sequentially
for F2 (with o-phenanthroline) or TRI (with TPCK), sug-To obtain further insights into the mode of interaction
gesting that both TRI and F2 activities are indeed re-between TRI and its interacting factors, we measured
quired for efficient hydrolysis of this substrate.peptidase activities in the presence of the protease in-
In the following experiment, Boc-LRR-AMC was prein-hibitors tosyl-L-phenylalanyl-chloromethyl ketone (TPCK)
cubated with either F2 or TRI, the enzymes were re-or o-phenanthroline (Figure 3A).
moved by filtration, and the flow-through fractions wereThe H-AAF-AMC-cleaving activity of TRI was inacti-
incubated with the enzyme not used for preincubationvated by TPCK in a dose-dependent manner, while F2
(i.e., samples preincubated with TRI were now incubatedremained fully active; at a concentration of 100 mM
TPCK, TRI lost 90% of its activity (Figure 3A, top panel). with F2 and vice versa). An increase in fluorescence was
Cell
640
Table 2. F2 and F3 Proteins Generate Novel Peptidase ActivitiesTable 1. Hydrolysis of Synthetic Substrates by Recombinant F1,
F2, and F3 Proteins from Thermoplasma acidophilum; some in Conjunction with Tricorn Protease
of the Substrates Are Cleaved by Two or Three of Interacting
Boc-LRR Suc-LLVY Z-ARR Z-RRFactors; Others (Boxed) Require Specific Factors
for Cleavage nmol AMC/hr/reaction
Substrate F1a F2 F3 TRI 0.05 0.02 0.07 0.03
F2 0.10 0.03 0.05 0.03
mmol/min/mg
Amino acids F21TRI 20.37 4.26 9.72 10.04
F3 0.0 0.01 0.0 0.0
H-Leu-AMC 25.8 31.0 34.7 F31TRI 0.25 0.20 0.19 0.14
H-Ala-AMC 55.6 26.3 15.0
H-Phe-AMC 37.1 34.4 0.8 Recombinant F2 and F3 (100 ng) were incubated with 20 nmol of
fluorogenic (AMC) substrate for 15 min at 608C in the presence orH-Val-AMC 5.0 1.2 1.0
H-Gly-AMC 5.9 1.0 1.1 absence of TRI (500 ng). The fluorescence of released AMC was
H-Pro-AMC 37.1 2.7 3.0 measured after stopping the reaction. The Suc-LLVY-AMC-cleaving
activity of TRI, which had not been shown previously (Tamura etH-Tyr-AMC 4.7 20.0 0.7
H-Arg-AMC 0.0 23.1 0.6 al., 1996a), was detected in this experiment.
H-Glu-AMC 0.0 0.0 72.4
Peptides Tricorn Protease Acts in the Protein Degradation
Pathway Downstream of the ProteasomeZ-Arg-Arg-AMC 0.0 0.12 0.003
H-Ala-Ala-Phe-AMC 0.9 0.5 0.01 Preliminary experiments had shown that TRI can cleave
Boc-Leu-Arg-Arg-AMC 0.0 0.09 0.004 proteins and polypeptides such as casein or the oxi-
Z-Ala-Arg-Arg-AMC 0.0 0.03 0.0 dized insulin B-chain. However, the rate of cleavage is
Suc-Leu-Leu-Val-Tyr-AMC 0.0 0.004 0.0
rather low in comparison to that of the proteasome (data
a Data from Tamura et al. (1996b). not shown). When a-casein was exposed to TRI and the
Activity was assayed by incubation of recombinant proteins (2±100 newly formed a-amino groups were measured using reac-
ng) with 100 nmol of fluorogenic substrate (AMC, 7-amino-4-methyl-
tions with fluorescamine, the rate of release of a-aminocoumarin) in the presence of 3 mg of BSA for 15±30 min at 608C.
groups was ≈20 mM/hr. Interestingly, the rate of theThe fluorescence of released AMC was measured. Boc, t-butyl-
release of a-amino groups by TRI was dramatically en-oxycarbonyl; Suc, succinyl; Z, benzyloxycarbonyl.
hanced (≈100 mM/hr) when TRI was added to a-casein
samples that had been preincubated with Thermo-
only observed when TRI incubation was followed by F2 plasma proteasomes for 2 hr (Figure 4A). This suggested
incubation, but not when the order was reversed (data to us that TRI further hydrolyzes oligopeptides gener-
not shown). This result suggested to us that the TRI- ated by the proteasome. To test this hypothesis, a-casein
dependent peptidase activity results from a sequential was exposed to proteasomes, undegraded protein and
reaction and that TRI yields an intermediate product proteasomes were removed by filtration, and the flow-
that is hydrolyzed further by F2. To verify this hypothesis, through fractions were incubated with TRI. In fact, TRI
we continuously monitored AMC release from Boc-LRR- rapidly hydrolyzed the degradation products generated
AMC in reactions containing different amounts of F2 by the proteasome (Figure 4B). This indicated to us that
and a fixed amount of TRI (Figure 3B). After initiation TRI's function is to shorten oligopeptides generated by
of the reaction by enzyme addition, the period of time the proteasome. We postulated that cytoplasmic pro-
required to reach steady state decreased in an F2 dose-
teins are initially cleaved by ATP-dependent proteases
dependent manner and showed a kinetic pattern char-
such as the proteasome or protease Lon, yielding oligo-
acteristic for coupled or sequential enzymatic reactions
peptides too large to be attacked directly by aminopepti-(Roberts, 1977). We tested TRI-dependent peptidase
dases. TRI degrades these oligopeptides and channelsactivity using several synthetic peptides; in all cases,
the products to its interacting factors F1, F2, and F3,the activity increased in an F2 dose-dependent manner
which then catalyze the terminal degradation step, yield-and reached a plateau upon addition of 800 ng of F2
ing single amino acids.protein (Figure 3C). These results indicated to us that
To test this hypothesis, we used oxidized insulin B-chainTRI cleaves the peptides such that the products can be
as a substrate and monitored its degradation upon ex-hydrolyzed efficiently by F2 and AMC is released.
posure to different combinations of enzymes (FiguresTo identify the type of intermediate products that are
5A and 5C). When incubated with an equimolar mixturegenerated by TRI, four synthetic peptide substrates
of F1, F2, and F3 (Fs), no degradation was observed.were incubated with TRI and subjected to mass spec-
When incubated with TRI, the insulin B-chain was de-trometry (Figure 3D). TRI cleaved all four peptides
graded, albeit slowly; after 3 hr, 63% of the substrateand generated the following intermediate products:
was still undegraded (Figure 5A). The degradation pat-Boc-LR(↓)R-AMC, Z-R(↓)R-AMC, and Z-AR(↓)R-AMC. Suc-
tern we observed was quite different from that gener-LLVY-AMC was cleaved by TRI between Suc-LLV and
ated by the proteasome (Pro) (Figure 5C). Interestingly,Y-AMC, but the generated Suc-LLV peptide could not
as products accumulated with time, the ratio of the re-be detected clearly, possibly because of further degra-
spective peak areas in the chromatograms did not changedation. The TRI cleavage sites and peptidase activities
(except for a single peak at 16.5 min), suggesting thatare summarized in Table 3. These data prove that the
TRI generates the same characteristic peptides fromTRI-dependent peptidase activity results from two se-
the beginning (Figure 5B). Thus, TRI degrades insulinquential reactions: TRI cleaves peptides, yielding inter-
B-chain in a processive manner, as do the proteasomemediates that are channeled to the F2 protein to be
hydrolyzed further, yielding amino acids and AMC. and ClpP (Thompson et al., 1994; Akopian et al., 1997).
Proteolytic Pathway in T. acidophilum
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When the insulin B-chain was exposed to TRI in combi- preferably after basic or hydrophobic residues (Figure
7B). Upon prolonged exposure to TRI, the majority ofnation with the three interacting factors, most of the
degradation products generated by TRI were further degradation products had a size of 3±4 residues.
hydrolyzed, yielding free amino acids that appeared as
retarded unbound peaks (,8 min). Obviously, the pep-
Discussiontides generated by TRI have the right size to be degraded
by aminopeptidases.
Our experimental data suggest that in ThermoplasmaAs expected, the Thermoplasma proteasome degraded
cells proteins are degraded in a pathway in which thethe insulin B-chain swiftly (1/2t > 30 min) (Figure 5C).
proteasome, TRI, and its three aminopeptidase-inter-The relatively complex pattern of peaks remained un-
acting factors, F1, F2, and F3, degrade proteins in achanged in its characteristics with time, indicating that
sequential manner (Figure 8). In fact, we have been ablethe proteasome does not redigest the peptides it has
to reconstitute the entire pathway in vitro from purifiedgenerated. Therefore, peptides that are typically 6±12
recombinant proteins.residues long accumulate. When the insulin B-chain was
It is well established now that the proteasome, with theincubated with both proteasome and TRI, the peptides
assistance of regulatory complexes, degrades proteinsgenerated by the proteasome were degraded further
processively (Akopian et al., 1997), generating a pool ofand new peaks appeared. When in the absence of TRI
oligopeptides. Typically, the degradation products havethe three interacting factors and the proteasome were
a size of 6 to 12 residues (Wenzel et al., 1994; Nieder-used in combination, free amino acids were generated
mann et al., 1996; Kisselev et al., 1998). In eukaryoticfrom proteasome degradation products, appearing as
cells, the 20S proteasome associates with a regulatoryretarded unbound peaks (,8 min), but several peptides
particle, the 19S cap. This complex of about 15 differentremained resistant to the aminopeptidases and accu-
subunits provides the link to the ubiquitin system thatmulated with time. However, when the proteasome, TRI,
confers specificity to proteasomal protein degradationand the three interacting factors were used in combina-
(Coux et al., 1996). A key component of this regulatorytion, most of the degradation products generated by the
particle is an array of AAA ATPases, which probablyproteasome disappeared quickly and eluted as unbound
form six-membered rings at the entrance to the 20Smaterial. Interestingly, the time course of the disappear-
core complex. This ATPase ring is believed to unfoldance of intact insulin B-chain was nearly the same with
target proteins and, perhaps, assist their translocationthe proteasome alone and in combination with TRI; al-
into the proteolytic core (Lupas et al., 1993; Rubin andthough TRI alone is able to cleave the insulin B-chain,
Finley, 1995; Baumeister et al., 1998). Proteasomes areit clearly has a preference for oligopeptides.
ubiquitous in archaea and in all hitherto sequenced arch-To obtain a better estimate of the size of insulin B-chain
aeal genomes also AAA-ATPases closely related todegradation products generated either by the protea-
those found in the 19S regulatory proteins of eukaryotessome alone or by the proteasome in combination with
have been found. There is in fact evidence that also inTRI, products were characterized by a size-exclusion
archaea proteasomes degrade their target proteins inchromatography (Figure 6A). The degradation products
an ATP-dependent manner (P. Zwickl et al., unpublishedgenerated by proteasome eluted as two major peaks
observation). In bacteria, the occurrence of genuine pro-with molecular weights around 1000 Da and 650 Da,
teasomes appears to be restricted to actinomycetes.respectively. In the presence of TRI, a new broad peak
All those species having proteasomes also have a gene(Mr 5 300±600 Da) appeared while the aforementioned
encoding an AAA-ATPase with features characteristicpeaks decreased concomitantly. When fractions from
for proteasomal ATPases (Wolf et al., 1998; Nagy et al.,new UV peaks were subjected to MALDI-TOF mass anal-
submitted). Other bacteria, including E. coli, possessysis and the spectra were compared to spectra from
a simpler ATP-dependent proteasome-related particlecorresponding fractions from experiments done with
referred to as HslUV (Rohrwild et al., 1996, 1997). Allproteasomes alone, the appearance of numerous new
these complexes are able to degrade folded proteins inpeaks in the low molecular weight range (350±600) was
an energy-dependent manner; thus, they are well dis-obvious (Figure 6B). Moreover, mass spectra of the 1000
posed to make the first attack on proteins targeted forDa, 650 Da UV peak fractions and the unfractionated
degradation.cleavage mixtures also showed a clear shift of mass
While malfunctions of the proteasome system havepeaks to the low molecular weight range in the presence
serious consequences and are mostly lethal in eukary-of TRI (data not shown). These data strongly indicate
otes (Coux et al., 1996), this is not the case with Ther-that TRI degrades and shortens oligopeptides gener-
moplasma cells. In fact, in vivo inhibition studies haveated by the proteasome.
shown that the proteasome is dispensable under normalTo further characterize degradation products gener-
growth conditions, but not when cells are exposed toated by TRI, we searched for peptides that the protea-
stress (Ruepp et al., 1998). This indicates that Ther-some was unable to degrade. We found several such
moplasma has some redundancy in its proteolytic sys-peptides and used one of them, Dynorphin A (10 resi-
tem that allows it to compensate for the inactivation ofdues), as a model substrate. This peptide was incubated
the proteasome. An obvious candidate to provide suchwith either TRI or the proteasome, and the degradation
a backup function is the ATP-dependent protease Lon,products were analyzed by reverse-phase HPLC and
which, according to existing genome data, is found in allmass spectrometry. While TRI degraded the Dynorphin
archaea (including Thermoplasma) and bacteria. WhileA peptide rapidly (1/2t 5 30 min), it was hardly de-
little is known about the structure of Lon, it has beengraded by the proteasome (Figure 7A). Mass spectrome-
try showed that TRI cleaved the peptide at multiple sites, shown to generate peptides 3 to 24 amino acids in length
Cell
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Figure 3. Tricorn Protease and Its Interacting Factor F2 Act Sequentially on Peptide Substrates
(A) Dose-dependent inhibition of TRI by TPCK (upper panel) and F2 by o-phenanthroline (lower panel). For inhibition by TPCK, TRI (50 ng)
(open circles), F2 (1 mg) alone (closed circles), or TRI together with F2 (triangles) was incubated with TPCK in 50 ml of 50 mM Tris-HCl (pH
8.0) at 408C for 30 min in the presence of 3 mg of BSA. Next, the reaction was initiated by the addition of 50 ml of 50 mM Tris-HCl (pH 8.0)
containing 100 nmol of H-AAF-AMC and incubated at 608C for 30 min. For inhibition by o-phenanthroline, F2 (200 ng) (closed circles) or TRI
(1 mg) alone (open circles) or F2 together with TRI (triangles) in 100 ml of 50 mM Tris-HCl (pH 8.0) was incubated at 608C for 15 min in the
Proteolytic Pathway in T. acidophilum
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large peptides; at the same time, they exclude mostTable 3. Tricorn Protease Cleavage Sites and Peptidase
folded proteins from this inner compartment. This isActivities
important since, in principle, TRI is capable of degrading
Substrate Peptidase activity proteins such as casein, albeit with relatively low effi-
(mmol/min/mg)
ciency. The structure clearly suggests that TRI would
↓ need the assistance of an unfolding machinery to target
Boc-LR R-AMC 2.09 folded proteins for degradation. The confinement of the↓ peptidase activity to the interior of the complex also
Suc-LLV Y-AMC 0.15
provides the structural basis for the observed pro-↓
cessive mode of action of TRI that ensures that onlyZ-AR R-AMC 0.60
short peptides and not intermediates are released. We↓
Z-R R-AMC 1.01 have previously suggested that the assembly of TRI
hexamers into an icosahedral capsid may provide aThe substrate cleavage sites are indicated by arrows based on
means to position its interacting factors and thus opti-the measurements shown in Figure 3D. Peptides activities were
mize interactions (Walz et al., 1997). Having demon-calculated from the data shown in Figure 3C.
strated that TRI and its aminopeptidase-interacting fac-
tors act sequentially in degrading oligopeptides lends
further support to this hypothesis. An intimate associa-(Maurizi, 1987). In bacteria, ClpP is a common protease;
tion of the interacting factors with Tricorn capsidsits overall architecture (Wang et al., 1997) is similar to
should greatly facilitate the channeling of intermediatesthat of the 20S proteasome (LoÈ we et al., 1995) and HslV
from one enzyme to another.(Bochtler et al., 1997) and a striking example of conver-
In Thermoplasma acidophilum, at least three differentgent evolution. ClpP yields degradation products 7 to
aminopeptidase-interacting factors exist. F1 is a 33 kDa10 amino acids in length (Thompson and Maurizi, 1994;
proline iminopeptidase, but it in fact cleaves a wider
Thompson et al., 1994). We conclude that there are sev-
spectrum of substrates. F1 has a number of homologs
eral large proteases, some of which occur in all three
in bacteria and in eukaryotes; they are all members of
domains of life, which will contribute to a cytosolic pool the a/b hydrolase superfamily (Tamura et al., 1996b;
of oligopeptides. Medrano et al., 1998). F2 (89 kDa) and F3 (89 kDa) are
Given the abundance of proteolytic systems generat- unrelated in sequence to F1, but they are closely related
ing such oligopeptides, it is surprising that they are a to each other (56.3% identity). All three interacting fac-
rare species (Yen et al., 1980a, 1980b); this indicates tors cleave only very short peptides (2±4 residues) effi-
that they have very short half-lives in vivo. Our own ciently. They have overlapping substrate spectra, but
experiments reported here and data from others (Miller, each of them also has specific activities: F1 is needed
1975) show that aminopeptidases do not degrade such for the release of proline residue, F2 for the release of
oligopeptides efficiently. Thus, there is a ªmissing linkº basic amino residues, and F3 for the release of acidic
in the degradative pathway downstream of the protea- residues. Collectively, and in conjunction with TRI, they
some, and we suggest that in Thermoplasma TRI pro- convert pools of short peptides swiftly into free amino
vides this link. We have been able to show that the acids.
oligopeptides discharged by the proteasome are effi- Homologs of F2 and F3 exist in yeast. Aap1p and
ciently cleaved by TRI, yielding peptides that are mostly Ape2p from Saccharomyces cerevisiae, which were pre-
2 to 4 residues in size. TRI appears to have a broad viously identified as metallo-aminopeptidases (Caprio-
specificity that is advantageous for a smooth degrada- glio et al., 1993; Hirsch et al., 1988), have a sequence
tion of a very diverse array of oligopeptides. identity of 30.7% and 30.6%, respectively, with F2. The
Obviously the question arises as to why TRI has recombinant Aap1p, expressed in E. coli, interacts with
evolved to form such a large and elaborate structure. TRI much the same way its Thermoplasma homologs
Since the oligopeptides generated by the proteasome do (data not shown).
are mostly of little use to the cell, it should be sufficient For TRI itself, a close homolog has so far only been
to scavenge them efficiently. Openings of 2.5 nm that found in the genome of the archaeon Sulfolobus solfatar-
give access to the large inner cavity of the Tricorn hex- icus (37.1% sequence identity) (Sensen et al., 1996).
From another archaeon, Pyrococcus furiosus, we haveamer are sufficiently large to allow entrance of relatively
presence of 3 mg BSA and 100 nmol of H-AAF-AMC. Reactions were terminated by addition of 100 ml of 10% of SDS, and released AMC was
measured.
(B) Time-course plots of the concentration of AMC released in the presence of various amounts of F2 protein. In this experiment, the
concentrations of substrate (200 mM) and TRI (500 ng) were fixed. For ªa,º 0.1 mg; ªb,º 0.2 mg; ªc,º 0.4 mg; ªd,º 1 mg; and ªe,º 2 mg of F2
protein was used. Boc-LRR-AMC were incubated at 568C prior to addition of the enzymes TRI and F2. After reactions were initiated by addition
of the enzymes (arrow), fluorescence activity was monitored by measuring the amount of released AMC.
(C) Dose dependence of F2 protein on TRI peptidase activity. TRI (50 ng) was incubated with 20 nmol of four different synthetic fluorogenic
peptides, Boc-LRR-AMC (closed circles), Z-RR-AMC (squares), Z-ARR-AMC (triangles), or Suc-LLVY-AMC (open circles), in 100 ml of 50 mM
Tris-HCl (pH 8.0) and the presence of different amounts of F2 protein at 608C for 30 min. The released fluorescence (AMC) was measured.
(D) Tricorn protease generates intermediate degradation products from synthetic fluorogenic peptides. Twenty nanomoles of each substrate
was incubated in 100 ml 50 mM Tris-HCl (pH 8.0) with 3 mg of TRI at 608C for 15±60 min. The reaction was terminated by addition of 10 ml
acetic acid and subjected to MALDI-TOF mass analysis. The insets show for comparison mass spectra for each substrate incubated under
the same conditions as described above, but omitting TRI.
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Figure 4. Oligopeptides Generated by the
Proteasome Are Hydrolyzed further by Tri-
corn Protease
(A) Time course of casein degradation by pro-
teasome and/or Tricorn protease. a-casein
was incubated with either proteasome (closed
circles) or TRI (triangles) as described under
Experimental Procedures. Casein is much
less efficiently hydrolyzed by TRI than by the
proteasome. After a 2 hr incubation period,
the reaction mixture containing the protea-
some was transferred to a new tube and TRI
(open circles) was added to a final concentra-
tion of 54.4 nM. The newly released a-amino
groups were measured with fluorescamine.
(B) Oligopeptides generated by the proteasome are rapidly degraded by Tricorn protease. The oligopeptides generated by the proteasome
were incubated with 5.4 nM (closed circles) and 13.6 nM (triangles) of TRI as described under Experimental Procedures. Control: reaction
mixture without TRI (open circles). The newly released a-amino groups were measured with fluorescamine.
was dissolved in 10 ml of buffer B (50 mM potassium phosphaterecently isolated a high-molecular-weight (z700 kDa)
buffer [pH 7.0]) and loaded onto a Sephacryl S-100 column (Phar-protease with similar enzymatic properties but only
macia) preequilibrated with the same buffer. The active fractionsweak sequence similarity in the N-terminal half (T. T. et
were pooled, ammonium sulfate added to 1.5 M, and then loaded
al., unpublished data). Obviously, this divergence makes onto a Butyl-Sepharose 4B column (Pharmacia) equilibrated with
it difficult to identify TRI homologs in other organisms. buffer B containing 1.5 M ammonium sulfate. Bound protein was
eluted using a linear ammonium sulfate gradient (1.5 M±0.4 M) inGlas et al. (1998) recently discovered a novel high-
buffer B. The active fractions were pooled and dialyzed againstmolecular-mass protease in the mouse lymphoma cell
buffer C (10 mM potassium phosphate buffer [pH 7.0]) before appli-line EL-4; this enzyme complex appears to be capable
cation to a hydroxyapatite column (BioRad) preequilibrated withof compensating for the loss of proteasome function. A
the same buffer. Bound proteins were eluted using a 10±300 mM
protease with similar properties, named multicorn, was phosphate linear gradient. The active fractions were pooled and
found in fission yeast (Osmulski and Gaczynska, 1998). dialyzed against buffer D (25 mM acetate buffer [pH 5.0]) before
loading onto a CM-cellulose column (Whatman) also preequilibratedAlthough the enzymatic activity and the sensitivity to
with buffer D. Bound proteins were eluted using a linear NaCl gradi-the inhibitor AAF-chloromethylketone are remarkably
ent (0±400 mM) in buffer D, and active fractions were pooled, dia-similar to those of TRI (data not shown), there is no
lyzed, and loaded onto a Phosphocellulose (P11) column (Whatman)proof yet that those proteases are indeed related to
preequilibrated with buffer D. Bound proteins were eluted using a
TRI. Another candidate for a TRI-like function in higher linear NaCl gradient (0±600 mM) in buffer D. The active fractions
eukaryotes is tripeptidyl peptidase II (TPPII), a subtilisin- were pooled, dialyzed against 50 mM Tris-HCl, 20% glycerol (pH
7.5), and stored at 48C.like high-molecular-weight peptidase complex that was
originally purified from cytosolic extracts of rat liver and
Cloning of the F2- and F3-Encoding Gene from T. acidophilumhuman erythrocytes (BaÊ loÈ w et al., 1986; Macpherson et
Partial protein sequences of F2 were obtained by amino acid se-al., 1987; Tomkinson and Jonsson, 1991). This enzyme
quencing as described previously (Tamura et al., 1995). T. acidoph-releases tripeptides from the N terminus of longer pep-
ilum chromosomal DNA was purified by phenol/chloroform extrac-
tides. tion. PCR was carried out using degenerate primers that were
We conclude from our experiments that TRI acts as designed based on peptide sequences HPIEVNVK (residues 336±
343, N is D according to DNA sequencing) and QEQFFLDGT (resi-a scavenger for oligopeptides generated by the protea-
dues 438±446). The primer pair was CAT CC[G/T] ATT GAG GT[G/some or other ATP-dependent proteases. The cleavage
T] AAT GT[G/T] AA and GT[G/T] CCG TC[G/T] A[A/G]G AAG AATof these peptides into small peptides of 2 to 4 residues
TGT TCT TG. The primer pair gave rise to a 332 bp fragment. Theenables its aminopeptidase-interacting factors to hy-
fragment was isolated, sequenced, and used to design specific
drolyze them further, yielding free amino acids and thus primers for use in inverse PCR (Ochman et al., 1990). Inverse PCRs
completing the catabolic pathway. One would predict were continued until a full-length ORF was identified. Finally, a spe-
cific pair of primers with a XhoI site that encoded the region up-from this that a down-regulation or inhibition of TRI or
stream and downstream of the F2 ORF were constructed. The ampli-of Tricorn-like enzymes will increase the half-lives of
fied fragment was isolated and digested with XhoI for cloning intothese oligopeptides and therefore they will accumulate
the same site of a pBluescript II SK(1) vector (Stratagene). Isolatedin the cytosol. Since subsets of these peptides are im-
plasmids were sequenced to verify their correctness.
munocompetent, TRI and Tricorn-like molecules could In order to clone the gene encoding the F3 protein, the sequence
become interesting therapeutic targets in cases of im- data obtained from a BamHI chromosomal DNA fragment (1998 bp)
that encodes the N-terminal region of the F3 protein was kindlymunodeficiency.
provided by Dr. Ruepp (MPI fuÈ r Biochemie, Germany). To obtain
further downstream regions of this gene, primers were constructedExperimental Procedures
and used for the same inverse PCR approach as used for cloning
of the F2 gene, and amplified fragments were sequenced.Purification of TRI Interacting Factor 2 Protein
T. acidophilum crude cell extract was prepared as described pre-
viously (Tamura et al., 1996a). Crude cell extract was loaded onto Construction and Expression of Recombinant
F2 and F3 Proteinsa Sephacryl S-200 column (Pharmacia) preequilibrated with buffer
A (50 mM Tris-HCl [pH 7.5]). The active fractions were pooled and F2- and F3-encoding genes were amplified by PCR using specific
oligonucleotide pairs; the N-terminal primer had a flanking NdeI site,loaded onto a DEAE-Sephacel column (Pharmacia) also preequili-
brated with buffer A. Unbound protein was collected and precipi- and the C-terminal primer encoded a (His)6-tag with a flanking XhoI
site. The amplified fragments were digested with NdeI and XhoI andtated with ammonium sulfate at 90% saturation. The resulting pellet
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Figure 5. Reconstitution In Vitro of a Proteolytic Pathway Using Native Proteasome (Pro), Recombinant Tricorn Protease (TRI), and Its
Recombinant Interacting Factors, F1, F2, and F3 (Fs)
(A and C) Insulin B-chain was exposed to proteases and degradation products were separated on a LiChroCART 125-2 Superspher RP-select
B column using the buffer system described under Experimental Procedures. Each chromatogram represents the absorbance at 215 nm, and
the numbers indicate the percentage of undegraded insulin B-chain. The peak area of insulin B-chain was integrated to measure the rate of
disappearance. The large peak eluting at 24 min corresponds to the intact insulin B-chain.
(B) The insulin B-chain is degraded processively by Tricorn protease. Expanded views of the chromatograms of insulin B-chain degradation
by TRI in (A).
cloned into the NdeI and SalI sites of a pT7-7 expression vector, and active fractions were pooled and dialyzed against 25 mM Tris-
HCl (pH 7.5) with addition of 20% glycerol before storage at 2808C.yielding pT7-7-F2 and pT7-7-F3, respectively. The (His)6-tagged F2
and F3 proteins were expressed in BL21 (DE3) cells containing plas-
mid pUBS520 (Brinkmann et al., 1989). Recombinant proteins were Determination of Peptidase Activity
Throughout purification of the F2 protein, the AMC-releasing activityexpressed and purified on Ni-NTA resins (Qiagen) following manu-
facturer instruction. Each of the active fractions containing F2 or from Boc-LRR-AMC was monitored by addition of 1 mg recombinant
TRI (Tamura et al., 1996a). For assaying activities, recombinant F2F3 proteins were pooled and dialyzed against buffer C before appli-
cation to a hydroxyapatite column preequilibrated in buffer C. Bound and F3 were incubated with 10±100 nmol of substrate in 50 mM
Tris-HCl (pH 8.0) at 608C. Three micrograms of bovine serum albuminproteins were eluted using a linear phosphate gradient (10±300 mM),
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Figure 7. Tricorn Protease Generates Short Peptides from the Dy-
norphin A Peptide; This Peptide Is Resistant to Degradation by the
Proteasome
(A) Time courses of peptide degradation by TRI and the proteasome.
The Dynorphin A peptide (residues 1±10, YGGFLRRIRP, Bachem)
was incubated with either TRI (closed circles) or proteasome (open
circles) as described under Experimental Procedures. Degradation
products were resolved by reverse-phase HPLC, and the peak area
of undigested peptides was integrated to measure the rate of disap-
pearance.
(B) Analysis of degradation products of the Dynorphin A peptide
generated by TRI. The sequence is represented by single letter
code and all detected cleavage sites are marked by arrows. LinesFigure 6. Size-Exclusion Chromatography of Peptides Generated
represent the peptides identified by mass spectrometry.from the Insulin B-Chain
(A) Elution profile of degradation products of insulin B-chain by
the proteasome alone or proteasome plus Tricorn protease. Insulin
F2, and the fluorescence activity of released AMC was continuouslyB-chain was incubated with enzymes, and degradation products
monitored with a luminescence spectrometer LS50B (Perkin-Elmer).were separated on a Superdex Peptide PE 7.5/300 column as de-
scribed under Experimental Procedures. Peptides were detected
Casein Degradation Assayby UV absorption at 215 nm. The large peak, which elutes at 19.5 min,
The amount of newly formed a-amino groups was measured usingcorresponds to the intact insulin B-chain. Peaks eluting between
their reaction with fluorescamine (Udenfriend et al., 1972). Protea-300 and 600 Da are shaded in the chromatograms. The calibration
somes were isolated from T. acidophilum crude cell extract as de-markers used were ACTH (11±24, 14 amino acid residues, Mr 5
scribed previously (PuÈ hler et al., 1992). a-casein (dephosphorylated,1653); (Val6, Ala7)-kemptide (7 amino acid residues, Mr 5 773); Suc-
Sigma) was incubated with either the proteasome or TRI in 500 mlAla-Ala-Phe-AMC (Mr 5 565); H-Arg-AMC (Mr 5 331); H-Ala-AMC
of 50 mM HEPES-NaOH (pH 8.0) at 608C. The concentration of(Mr 5 246); Glycine (Mr 5 75).
a-casein, proteasome, and TRI were 1 mg/ml, 148.6 nM, and 54.4(B) MALDI-TOF mass analysis. Fraction eluting between 300±600
nM, respectively. After a 2 hr digestion of casein by the proteasome,Da in (A) was collected and subjected to MALDI-TOF mass analysis.
half of the reaction solution was transferred to a new tube and, TRIQuantification of peptides in mixtures by mass spectrometry is
was added to a final concentration of 54.4 nM.known to be problematic due to suppression effects (Kratzer et
In order to analyze the peptidase activity of TRI, a-casein wasal., 1998). Extreme care was taken to measure the samples under
exposed to proteasomes under the same conditions as describedstandardized conditions as described under Experimental Proce-
above. After a 4 hr digestion period, proteasomes and undegradeddures. Internal standard peptide is marked by *.
casein were removed by filtration (Nanosep-10, Pall Gelman Sci-
ences), and the flow-through fractions were incubated with TRI in
300 ml of 50 mM HEPES-NaOH (pH 8.0) at 608C. The concentration
of oligopeptides corresponded to 420 mM a-amino groups. TRI con-was added to reaction mixtures for the stabilization of F2 and F3
proteins. For terminating the reactions, 100 ml of 10% SDS and 1 centrations were 5.4 nM or 13.6 nM, respectively. Aliquots were
removed at different times, and the enzymatic reaction was stoppedml of 0.1 M Tris-HCl (pH 9.0) were added to the 100 ml of reaction
mixture. AMC released from substrates was monitored fluoromet- by addition of an equal volume of 0.4% trifluoroacetic acid (TFA).
Ten micrograms of the samples were mixed with 100 ml of 50 mMrically.
In order to measure the time course of Boc-LRR-AMC-cleaving sodium phosphate buffer (pH 8.0) and 50 ml of an acetone solution
of fluorescamine (0.3 mg/ml). The mixture was vortexed, and 1 mlactivity, 450 ml of 50 mM Tris-HCl (pH 8.0) was preincubated with
90 nmol of substrate and 13.5 mg of bovine serum albumin at 568C. of 50 mM sodium phosphate buffer (pH 8.0) was added. Fluores-
cence was measured fluorometrically. The amino groups generatedThe reaction was initiated by addition of 500 ng TRI and 0.1±2 mg of
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Figure 8. The Proteolytic Pathway in Ther-
moplasma acidophilum
See discussion for details.
were estimated using several concentrations of L-Leucin as a respectively. The degradation rate was monitored by means of re-
verse-phase HPLC analysis as described above.standard.
Mass Spectrometry
Size-Exclusion Chromatography of Degradation ProductsTRI (3 mg) was incubated with 20 nmol of fluorogenic peptides in
All enzymes were dialyzed against 50 mM HEPES-NaOH buffer (pH100 ml of 50 mM Tris-HCl (pH 8.0) at 608C for 15±60 min. Reactions
8.0). The oxidized insulin B-chain was incubated with proteases atwere terminated with 10 ml acetic acid. Aliquots of the solutions
608C at a final concentration of 250 mM and a total volume of 250were analyzed by MALDI-TOF mass spectrometry.
ml (20 mM potassium phosphate buffer [pH 7.0]). The concentrationIn order to analyze the degradation products of the Dynorphin A
of proteases were as follows: native proteasome, 74 nM, and recom-peptide (YGGFLRRIRP, Bachem) by TRI, the peptide was incubated
binant TRI, 27 nM. At different times, aliquots of 18 ml were removedwith TRI in 100 ml of 25 mM Tris-HCl (pH 7.5) at 608C for 1 hr. The
from the mixture and 102 ml of 0.12% TFA in 35.3% acetonitrile wasconcentrations of peptide and TRI were 500 mM and 13.5 nM. The
added to stop the reactions before storage at 2208C. One hundreddegradation products were resolved by reverse-phase HPLC using
microliters of reaction mixtures were analyzed by size-exclusionthe same procedure as described below, and all UV peaks were
chromatography (AÈ KTA-System, equipped with a Superdex Peptideanalyzed by mass spectrometry. The molecular masses of peptides
7.5/300; Pharmacia). Samples were resolved on the column usingwere calculated from the m/z peaks.
0.1% (v/v) TFA in 30% acetonitrile as a running buffer at a flow rateFor quantitation of degradation products of insulin B-chain in
of 0.3 ml/min. All UV peaks were collected and subjected to MALDI-Figure 6, collected UV peaks were lyophilized and redissolved with
TOF mass analysis as described above. The degradation products20 ml of 10 mM Tris-HCl (pH 7.5). Internal standard solution (0.2 ml)
were detected by UV at 215 nm. To determine the molecular masscontaining either 1.66 pmol of VRKRTLRRL (monoisotopic mass 5
of eluted peptides, the column was calibrated with six peptides1197.80) or 1.18 pmol of KPVGKKRRPVKVYP (monoisotopic mass 5
purchased from Bachem (see Figure 6).1652.04) in 0.1% TFA/30% methanol was applied onto the target
and air dried before 0.7 ml of sample was overlaid. After sample
was dried, 0.7 ml of matrix solution (4-hydroxy-a-cyanocinnamic Acknowledgments
acid, 5 mg in 1 ml of 0.1% TFA/50% acetonitrile) was overlaid, dried
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